Long-period seismic data from the three large arrays ALPA, LASA, and NORSAR are telemetered to the Seismic Array Analysis Center in Alexandria, Virginia, where they are processed in real time by employing a fast frequency-wavenumber (f-k) detection scheme. The processor incorporates a novel f-k filtering technique which allows the separation of interfering signals and the extraction of small signals from noise. Surface wave magnitudes (Ms) are derived directly from the processor output.
Introduction
The Seismic Array Analysis Center (SAAC) in Alexandria, Virginia, receives the long-period seismic data transmitted continuously from the Large Aperture Seismic Array (LASA) in Montana and other large long-period arrays located in Alaska (ALPA) and Norway (NORSAR). As part of the evaluation of this network these data are processed to detect and measure Rayleigh waves associated with seismic events listed in the LASAISAAC Daily Event Summary.
The choice of data processing methods was influenced by the fact that approximately 100 events per day have to be processed in real time. Time domain beamforming and plotting is a slow process which suffers from the disadvantage that the propagation azimuth and velocity must be assumed. Any disturbance visible on a particular beam may be associated with adjacent beams or with a side lobe. For these and other reasons, a frequency-wavenumber Cf-k) approach has been used for routine analysis of the LP data (Mack 1972) .
The heart of the processing scheme is the fast signal detection algorithm FKCOMB (Smart 1972) , which makes used of frequency-wavenumber transforms. This reference also describes the principles of thef-k analysis of transient waveforms. FKCOMB was originally used for the automatic processing of microbarograph array data (Smart & Flinn 1971) .
In this paper we merely summarize the method of analysis and outline how it is applied in the SAAC to detect Rayleigh waves and to obtain seismic surface wave magnitudes on a real-time basis.
Frequency wavenumber analysis
Frequency-wavenumber Cf-k) spectral estimation is a powerful technique for signal detection and waveform analysis of digitally recorded array data. The f -k spectrum of a given segment of array output is the squared modulus of the multidimensional Fourier transform of the data in time and space. Thef-k spatial representation of a propagating wave is shown schematically in Fig. 1 . Using discrete Fourier analysis in the time dimension, the representation can be thought of as a series of layers normal to the frequency axis, each layer representing the wavenumber plane at a given frequency. The wave is thus represented as a series of power maxima in the layers, and the locus of these maxima is determined by the phase velocity of the wave (for discussion, see Smart 1971) .
The advantage of this process is that propagating wave components are easily recognized and separated from one another, subject to the limitations imposed by the array geometry, sensor weighting, and the type of spectral smoothing employed. In essence, f-k analysis is beamforming in the frequency domain. The method takes advantage of the fact that the signal-to-noise ratio varies with frequency, so the beamforming is done frequency by frequency. Also, by staying in the frequency domain a great many beams can be examined rapidly, the number being limited only by the resolution cell of the array response. In practice this means that the azimuth and velocity of a signal need not be assumed; one merely accepts the beam with the maximum power. The position of this maximum in the wavenumber domain defines the azimuth and velocity of the signal. This fact is important for signals such as longperiod seismic surface waves, which not only are dispersive (i.e. their phase velocity varies with frequency) but whose arrival azimuth may also vary with frequency due to lateral inhomogeneities in the Earth.
A wavenumber value, say ko, is related to the phase velocity V by V = f/ko. Thus phase velocity is inversely proportional to the distance from the frequency axis. The locus of constant values of V is a cone in f-k space, with the apex at the point f = k, = ky = 0. For computation, vector wavenumber k is resolved into a Cartesian co-ordinate system, with ky related to geographic north and k, related to geographic east. time window is selected, based on the P wave arrival time at LASA. The individual channels are deglitched and edited, with noisy and dead channels discarded automatically. The signal-to-noise ratio detection threshold can be set at any level and the velocity range of interest can also be set arbitrarily. The multichannel data are then Fourier transformed in time and space. The power at a given frequency and wavenumber is computed as (Smart & Flinn 1971): where f = frequency; k = vector wavenumber (I k I = I/h) ; N = number of data channels; n = sensor or channel index; r, = vector location of the nth sensor with respect to an arbitrary origin; An(J) exp [2ni+,(f)] = Fourier transform of the nth data channel.
Expression (1) is evaluated for a matrix of wavenumber values at a series of discrete frequencies, as specified in the input parameters; it can be considered as a threedimensional transform space with frequency being one dimension and the orthogonal components of the vector wavenumber k being the other two dimensions. Maxima of power in three-dimensional f-k space are automatically picked, and if they exceed the detection threshold and are in the specified velocity range, these maxima are classified as detections. The output is in the form of a bulletin which lists signal detections and gives their phase velocity, arrival azimuth, signal power, signal-to-noise ratio, and F statistic (related to signal-to-noise ratio; see Smart & Flinn 1971) as a function of frequency and arrival time.
There are times when a maximum occurs within a given wavenumber plane but not along the frequency axis. An option exists in the processor to list these occurrences as detections if they satisfy the detection criteria. In practice detections are almost always made at the three-dimensional maxima, and two-dimensional maxima are mainly used to recover the signal spectrum.
An option to remove maximum power peaks and associated side lobes is then available in order that smaller signals which produced secondary maxima can be isolated.
The interference of two separate Rayleigh waves within the area of the array is a sufficiently common phenomenon as to warrant serious consideration in any processing scheme. Furthermore, using the relatively short time windows in the f-k analysis, the background noise appears to consist mainly of discrete Rayleigh wave trains arriving from many azimuths. These wave trains interfere with small expected arrivals in much the same manner as two larger events.
If two Rayleigh waves are of comparable size, f-k analysis usually detects the presence of both, and assigns the appropriate azimuths and velocities as the time window moves through the event, because it is highly unusual for the two waves to exhibit identical time-frequency histories within the array region. However, signal power estimates may be in error even though the events were correctly identified. Also, if one event is really dominant then it may completely mask the smaller arrival.
For such cases a filtering scheme has been devised (Smart 1972 ) whereby the f-k space maxima are removed, along with associated side lobes, allowing the detection of secondary maxima. This process, referred to as stripping, is accomplished by removing the signal estimate from each channel in the complex frequency domain, frequency by frequency. Specifically, the complex transform of the jth channel after signal subtraction, Fj'cf), is expressed as :
An example of the stripping process shows how a small signal was detected at ALPA in the presence of another small signal and noise. The wavenumber plane and three-dimensional counter part relief version are shown in Fig. 3 . The signal of interest is masked by another one close by. After stripping, Fig. 3(b) shows the second smaller signal quite clearly. This small signal occurred at the expected arrival time at ALPA of a Rayleigh wave from a small presumed explosion (SAAC mb = 4.9) in the Western Soviet Union. The signal amplitude is calculated as 11 mp, corresponding to a surface wave magnitude, Ms, of 2.6. For comparison, the time domain beam plot is shown in Fig. 4 and it is obvious that a pick could not be confidently made at the expected arrival time because the signal is indistinguishable from other disturbances. In the automatic processing scheme secondary maxima which satisfy the detection criteria are also listed as functions of azimuth, etc. The time window is then moved forward or backward in time by any specified amount and the whole process, including the editing, is repeated.
The decision whether a peak corresponds to the expected Rayleigh wave is based on several criteria. First and most important, the time must be correct. Using a 256-s window and 25 per cent overlap, a time resolution of approximately 2 min is obtained for a particular period. This resolution enables the dispersion to be observed and this itself is a basis for decision. Second, the azimuth and phase velocity must be correct. Both of these quantities are dependent on period, so the expected values for a particular region and a particular array are obtained by observing large amplitude signals. For low signal-to-noise ratios the noise can displace the location of a peak inf-k space slightly and hence affect the velocity and azimuth value listed. For such cases, deviations from the expected azimuth of up to 15" are tolerated. Also, the analysed data are examined for time intervals immediately before and after the detected arrival to see whether the peak is persistent or spasmodic. If spasmodic, the peak is discarded as noise. 
ME measurement
As was stated above, one reason a frequency domain analysis scheme has been devised is to facilitate real-time processing of the large volume of array data. However, this technique does not yield directly the ground motion amplitude of the surface wave which is necessary to calculate the surface wave magnitude Ms. This measurement is conventionally obtained by picking the maximum excursion on a time-domain A method has been developed to calculate M E values directly, using the output from the automaticf-k processor. The signal power estimate for a particular source region, array, and time window length is empirically related to the ground motion amplitude of surface waves obtained from time-domain beams with good signal-tonoise ratios. To illustrate how this relation is obtained, a large-amplitude Rayleigh wave from the Kurile Isles was added to beamed noise of NORSAR and LASA. A series of f-k analyses were run with successsively reduced signal amplitudes, and the square root of the signal power estimate was plotted as a function of maximum signal amplitude. The results for LASA are shown in Fig. 5 . A good linear relationship is obtained for higher amplitudes, with a small deviation as the amplitude approaches zero, resulting in a finite power associated with the noise. The slope of the line is the empirical relation between surface wave amplitude and the square root of the signal power estimated from the f-k analysis procedure. For any particular region this relationship is obtained as a function of distance from the array. To illustrate the reliability of the method, Fig. 6 shows the comparison between ME values measured from beam plots and from thef-k power for a set of Kurile events recorded at NORSAR and LASA. The points are seen to cluster around a line of unit slope.
plot.
Measuring the spectra of interfering Rayleigh waves
The individual spectra of interfering Rayleigh waves can be recovered quite well by following the relative maxima from frequency to frequency in the three-dimensional f-k space. The processor detects and measures the maximum at a particular frequency and this corresponds to the signal which is dominant at that frequency. This maximum is stripped and the secondary maximum belonging to the other signal is detected and measured.
To demonstrate the effectiveness of this process a synthetic example is used. Fig. 7 shows the beams of two Rayleigh waves recorded at ALPA, one from an earthquake in Tadzhikistan channel recordings were added to simulate the interference of the two waves at the array site and one such mixed channel is shown at the bottom of Fig. 7 . The original spectra are shown at the top of Fig. 8 and the spectra recovered by thef-k processor are shown below. The recovered spectra agree quite well with the originals.
Conclusions
A fast general-purpose array processor using frequency wavenumber analysis has been incorporated into a quasi-online scheme for processing long-period seismic data from several arrays. Its advantages are: (1) it is fast enough to handle a large volume of data in real time, and (2) no a priori assumptions need be made about the signal azimuth (as is necessary in time-domain beamforming). A novel f-k filtering scheme allows interfering signals to be separated and identified quickly and conveniently. An empirical method for deriving surface wave magnitude Ms from the processor output yields values which agree very closely with those obtained conventionally.
